The three-dimensional (3-D) morphology and growth kinetics of intragranular ferrite idiomorphs formed in association with MnS(ϩVN) inclusions were studied in an Fe-C-Mn alloy. Ferrite idiomorphs began to be formed at a temperature ϳ40°C lower than the grain boundary allotriomorphs, and the highest temperature of the formation of intragranular ferrite plates was ϳ60°C below the Widmanstätten start temperature of grain boundary sideplates (W s ). The 3-D shape of ferrite idiomorphs was more equiaxed than grain boundary allotriomorphs. Measured growth rates were smaller than those calculated assuming spherical growth, similar to those of grain boundary allotriomorphs previously reported. The possible reasons for the retardation of growth, e.g. deprivation of carbon supersaturation by grain boundary ferrite allotriomorphs and solute drag etc., are discussed.
Introduction
The growth kinetics of grain boundary ferrite allotrimorphs in Fe-C and Fe-C-X alloys (X is an alloying element) have been studied extensively for the past few decades. It is accepted that in Fe-C alloys the growth of grain boundary ferrite allotriomorphs is controlled by carbon diffusion in austenite, although the measured growth rates are often smaller than those calculated from the theory. 1, 2) The principal reason for this discrepancy was thought to be the development of facets at ferrite/austenite interphase boundaries. The migration of planar ferrite/austenite boundaries in a diffusion couple was indeed explained very well by carbon diffusion in austenite. 3) In Fe-C-X alloys, where X is an austenite stabilizer like Mn and Ni, it was demonstrated that the growth of grain boundary ferrite allotriomorphs is controlled by diffusion of alloying element at low undercoolings, and by carbon diffusion at high undercoolings. [4] [5] [6] [7] When X is a ferrite stabilizer like Si and Al, the growth controlled by X diffusion is confined to a narrow temperature range below the Ae 3 temperature and practically, the growth is controlled by carbon diffusion at all temperatures. 7) In many alloys except Fe-C-Ni and Si alloys the growth rates in the carbon diffusion controlled regime are often smaller than calculation. 7, 8) This was attributed to the drag of alloying element during the motion of ferrite/austenite boundaries. 7, 9) Particularly in Fe-C-Cr and Mo alloys the influence of solute drag is considered to be so strong that the TTT-curves exhibit the characteristic shape, known as the bay, at intermediate temperatures. 10) Measured growth rates of grain boundary allotriomorphs were compared with calculations assuming that the particle shape is a sphere, an oblate ellipsoid 2) or even assuming planar growth. 7, 8) The former approximations yield a considerably faster growth rate than planar growth at large undercoolings. The morphology of grain boundary allotriomorphs is fairly irregular and the assumption of shape preserving growth may not always be valid. In this report the growth kinetics of intragranular ferrite idiomorphs that were nucleated at inclusions were studied in an Fe-C-Mn alloy. A large number of MnS particles were dispersed within the austenite matrix by adding an excess amount of sulfur. The morphology of ferrite idiomorph and the grain boundary allotriomorph is observed by three-dimensional (3-D) reconstruction of serial sectioning images. The size of some ferrite particles was measured in three-dimensions. In order to obtain the growth rates sufficiently reliable in a statistical sense the growth rates are measured from the variation with reaction time of the maximum half-diameter or thickness of ferrite particles in the polished specimen surface. 2, 8) The results are compared with the calculated growth rates.
Experimental Procedures

Alloy and Heat Treatment
The alloy was melted in a vacuum induction furnace using electrolytic iron, high purity carbon and manganese. An excess amount of sulfur, vanadium and nitrogen were added to promote the formation of intragranular ferrite. The composition of the alloy is shown in Table 1 . A 50 kg ingot of the alloy was hot rolled to a plate of 50 mm thickness at 1 000°C and subsequently, the slab was cold rolled by 70 %. Specimens 10ϫ10ϫ0.35 mm 3 in size, three pieces bundled and coated with anti-oxidation ceramic paint, were austenitized at 1 250°C for 10 min under high purity argon atmosphere. This treatment produced a grain size of approximately 200-300 mm. A larger austenite grain size facilitates the formation of intragranular ferrite. The use of thin specimens and a high austenitizing temperature made the austenite grain boundaries essentially perpendicular to the broad faces of the specimen.
2) After austenitizing the specimens were swiftly transferred into a salt bath for isothermal reaction to occur at temperatures ranging from 610 to 750°C for varying times, and quenched into iced brine.
Serial Sectioning, 3-D Construction and Measurement of Growth Rate
Fiducial hardness indents were put on the polished specimen surface for the purpose of image alignment and measurement of the thickness of the removed layers. The specimens were then polished by an automatic grinder polisher to remove ϳ0.5 mm per section. A digital image of each section taken by a CCD camera was stored in a personal computer. After masking the objects a stack of images were transformed into a 3-D image by means of visualization software (AVS).
11)
For some ferrite particles the sizes were measured directly from 3-D constructed images and were compared with calculation. The growth rate of ferrite was measured from the variation with time of the maximum half-thickness or half-diameter of the ferrite particles in the plane of polish. The measurement of the diameter of the largest particles in the plane of polish could be representative of the thickness of one of the first formed ferrite particles. The maximum half-diameter of intragranular idiomorphs or the maximum half-thickness of grain boundary allotriomorphs was plotted against the square root of the reaction time. Figure 1 shows an optical micrograph of a specimen reacted at 620°C for 40 s. In the micrograph grain boundary ferrite allotriomorphs (denoted as GBA), grain boundary sideplates (GBSP), intragranular idiomorphs (IFI) and intragranular plates (IFP) are all seen. Large MnS particles are observed (arrowed). Probably these MnS particles formed composite inclusions with VN precipitates.
Results
3-D Morphology of Intragranular Ferrite Idiomorph and Grain Boundary Allotriomorph
12) It was demonstrated by 3-D construction that these intragranular idiomorphs and plates were not connected to the grain boundary. 13) Figures 2(a) and 2(b) are the 3-D reconstructed image of ferrite idiomorphs in the specimen reacted at 640°C for 40 s. The inclusions, colored red, are almost totally surrounded by the ferrite idiomorphs. In Fig. 2 (a) the idiomorph is nearly equiaxed whereas the other idiomorph in Fig. 2(b) is protruded in one direction that might develop into a plate at prolonged holding. The proportion of idiomorphs having non-equiaxed morphology increased with decreasing temperature. Figure 3 is a 3-D reconstructed image of a ferrite particle formed at the grain boundary edge in the specimen reacted at 690°C for 10 s. By rotating the image it can be shown that the particle grew in grain g 1 , but not significantly in grain g 2 or g 3 . The particle shape may be approximated by a prolate ellipsoid, the aspect ratio being 3.8 in this image. Although the shape of a face-nucleated allotriomorph is often approximated by an oblate ellipsoid, 2) elongated allotriomorphs that would be better approximated by a prolate ellipsoid were copiously observed by breaking the specimen along the prior austenite boundary. 14) Figure 4 compares the temperature at which ferrite began to be formed within the matrix and at prior austenite grain boundaries. Intragranular ferrite idiomorphs were formed at a temperature 40-50°C lower than grain boundary allotriomorphs. Although not so clearly determined as with the grain boundary sideplate, 15) the upper limit of the formation of intragranular ferrite plates (denoted W s Ј here) was 630°C, ϳ60°C below the W s of grain boundary sideplates.
It was reported that intragranular idiomorphs had no fixed orientation relationship with the matrix grain from which they grew. 16) This can be compared to the grain boundary ferrite allotriomorphs that grow into the grain with which they have no orientation relationship. 17) In contrast, intragranular ferrite plates were reported to have K-S relation with the matrix. 16, 18) This is analogous to grain boundary sideplates in that they have a fixed orientation relationship with the matrix grain in which they grow. 19) 
Particle Size of 3-D Constructed Ferrite
The maximum half-diameter of ferrite idiomorphs is measured from the 3-D reconstructed image as shown in Fig. 5(a) . The curve was calculated assuming the growth of a spherical particle. In Fig. 5(b) the length and thickness of grain boundary allotriomorphs were measured along the three directions and compared with calculation assuming the growth of a prolate ellipsoid of the aspect ratio ϳ1/3 (see Sec. 4.1).* It is seen that all particles except one grew more slowly than calculation, no matter whether they were formed intragranularly, grain boundary face-or edge-nucleated.
Measurement of Growth Rate of Ferrite on
Polished Surface Figure 6 shows the plots of the maximum half-diameter of intragranular ferrite idiomorphs and the maximum halfthickness of grain boundary allotriomorphs against the square root of the reaction time. Data on the growth of idiomorphs were obtained only at three temperatures above W s Ј. It is immediately seen that the intercept with the x-axis is positive. In a previous study of the growth of grain boundary ferrite allotriomorphs 20) the x-intercepts of the maximum thickness vs. t 1/2 plots were positive in Fe-C and Fe-C-Si alloys, whereas they were negative in Fe-C-Mn and Ni alloys. The non-zero intercepts may be ascribed to the nucleation incubation time or the growth kinetics that do not strictly follows the t 1/2 law, due to the variation of the density of growth ledges with time. Under the assumption that the presently observed positive x-intercepts are due to the incubation time, the maximum half-thickness of ferrite particles were re-plotted against the square root of the growth time (the reaction time minus the incubation time). The slopes or the parabolic growth rate constants determined by least square fitting are shown in Table 2 . They are plotted against the reaction temperature in Fig. 7. 
Discussion
Calculation of Growth Rate of Ferrite Idiomorph
and Grain Boundary Allotriomorph The transition temperatures of the growth modes of ferrite were calculated from the theory by Coates 21) using the thermodynamic parameters compiled by Uhrenius. 22) They are compared with the temperature of morphological transition in Fig. 4 . The growth of ferrite in an Fe-C-Mn alloy is characteristic in that the carbon diffusion controlled growth does not begin until a fairly large undercooling is reached. The partition local equilibrium (PLE) to no-partition local equilibrium (NPLE) transition temperature is indeed about 70°C lower than Ae 3 . As seen in Table 2 , the measurements were all conducted below the paraequilibrium no-partition boundary and the PLE to NPLE transition temperatures. This implies that the growth of ferrite may have occurred under carbon diffusion control. Mn-partitioned ferrite was not observed to be formed at prior austenite grain boundaries or in the matrix for the reaction times employed in this study.
In the following section the growth rate of ferrite is calculated assuming the growth occurred under paraequilibrium. The parabolic growth rate constant for the shape preserving growth of ellipsoids can be calculated from the equation, 23) . (1) where S is the supersaturation for growth, and r a and r b are the parameters related to the aspect ratio of the particles. l is the parabolic rate constant for lengthening. For ellipsoids of the aspect ratio n (Յ1), r a and r b can be determined from, for a prolate ellipsoid and, for an oblate ellipsoid. It can be seen that the radii at time t along the short axes are given by 2(Dt) 1/2 nl, where D is the rate controlling diffusivity. For a spherical particle r a and r b are both zero. In Fig. 8 the relationship between S and l is shown for prolate and oblate ellipsoids of n=1/3 and for a sphere. The lengthening of an ellipsoid is always faster than the growth of a sphere whereas the thickening is always slower than that. The parabolic growth rate constants thus calculated are shown in Fig. 7 . It is seen that the measured growth rate constants of intragranular idiomorphs and facenucleated allotriomorphs as well are smaller than calculation. Essentially the same observations were made with grain boundary allotriomorphs in previous studies. 2, 7) The reason for the comparatively large thickening rates of edgenucleated ferrite allotriomorphs is not clear.
Loss of Carbon Supersaturation in the Matrix
Due to the Prior Formation of Grain Boundary Ferrite Allotriomorph The austenite grain boundaries are more potent nucleation sites for ferrite than intragranular inclusions. Accordingly, the carbon diffusion field of grain boundary allotriomorphs was calculated assuming that the grain boundary (spherical shell of radius R) is covered all around by ferrite. 24) The result at 690°C and R=200 mm is shown in Fig. 9 . From the figure, if the austenite grain size is large, the carbon supersaturation is likely to remain intact in a major proportion of the matrix. On the other hand, the carbon diffusion field associated with a ferrite idiomorph can have a more significant influence on the nucleation and growth of ferrite in the neighbor of the matrix. Actually, this may depend on the austenite grain size, the density of inclusions and cooling rates etc. in a complex manner.
Influence of Solute-drag on the Growth of Ferrite
Although direct evidence of the operation of solute drag is yet to be obtained, solute drag can have a significant influence on the growth of ferrite. The smaller growth rates of ferrite allotriomorphs than calculation observed in an Fe-0.12mass%C-3.1mass%Mn alloy was discussed in terms of solute drag. 7) Simulations of the ferrite growth were conducted incorporating the drag of Mn to demonstrate that a substantial amount of retardation of the growth is expected to occur. 25) Figure 10 shows the results of simulation conducted in the present alloy, containing 1. ( ){( )( )} ( ) Fig. 8 . Parabolic growth rate constant of a spherical precipitate, and lengthening and thickening rate constants of prolate and oblate ellipsoids of the aspect ratio 1/3 plotted against the supersaturation for growth. Fig. 9 . Penetration of carbon diffusion field into the matrix due to grain boundary allotriomorphs formed prior to intragranular idiomorphs. Calculated at 690°C.
contains unusually large amount of sulfur. 26) However, the effects of sulfur on the growth of ferrite are yet to be studied.
Summary
The three-dimensional morphology and the growth kinetics of intragranular ferrite idiomorphs formed in association with MnS(ϩVN) inclusions were studied in an Fe-0.09mass%C-1.5mass%Mn alloy. The idiomorphs were largely equiaxed, whereas some idiomorphs had an elongate shape that may evolve to Widmanstätten plates at a larger undercooling. Within the reaction times employed the highest temperature at which intragranular ferrite idiomorphs were formed was 710°C, at least 40°C lower than grain boundary allotriomorphs and more than 100°C below the Ae 3 temperature. The observation that measured growth rates of ferrite idiomorphs were slower than calculation is quite analogous to the growth of grain boundary allotriomorphs. The large undercoolings required for both grain boundary allotriomorphs and intragranular idiomorphs to grow at appreciable rates can be attributed primarily to the wide temperature range in which the sluggish diffusion of Mn in austenite has to take place for ferrite growth to occur. It is possible that the solute drag is responsible for the considerably smaller growth rates than calculation.
